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1
SIMULATION METHOD FOR HIGH
POLYMER MATERIAL

BACKGROUND OF THE INVENTION

The present invention relates to a simulation method for
a high polymer material capable of simulating and evaluat-
ing the dispersion of fillers in a high polymer material
certainly at short times.

High polymer materials such as compounded rubber used
in vehicle tires usually contain fillers such as carbon black
and silica. It is well known in the art that the dispersion of
fillers in a compounded rubber exerts a strong influence on
properties, e.g. strength of the rubber.

In recent years, in order to evaluate the dispersion of
fillers in a high polymer material, various computerized
simulation (numerical calculation) methods have been pro-
posed.

In this kind of simulation method, filler models of fillers
and polymer models of a high polymer material are defined,
and a molecular dynamics (MD) calculation is performed on
the filler models and polymer models placed or set in a
predetermined virtual space.

Then, based on results of the simulation, the dispersion of
the fillers is evaluated by an operating personnel. Thus, it is
difficult to provide objective exact evaluations.

Further, it takes a long time to compute the movements of
the filler models in order to simulate the filler dispersion.

SUMMARY OF THE INVENTION

It is therefore, an object of the present invention to
provide a computerized simulation method for evaluating
the dispersion of fillers in a high polymer material, by which
the filler dispersion state can be simulated and evaluated
certainly at short times.

According to the present invention, a computerized simu-
lation method for evaluating the dispersion of fillers in a
high polymer material comprises:

a filler model defining step in which filler models of the
fillers are defined, wherein each of the filler models repre-
sents a plurality of filler particles;

a polymer model defining step in which polymer models
of'the high polymer material are defined, wherein each of the
polymer models represents one or more polymer particles;

a simulation step in which a molecular dynamics calcu-
lation is performed for the polymer models and the filler
models placed in a predetermined virtual space; and

an evaluation step in which the state of dispersion of the
filler models is evaluated from results obtained through the
simulation step,
wherein

between the particles inclusive of the filler particles and
the polymer particles, potentials such that when the distance
between the concerned particles is decreased under a pre-
defined cutoff distance, a mutual interaction occurs therebe-
tween, are defined,

one of the filler particles in each filler model is defined as
a most influential particle for which a largest cutoff distance
is defined, and

the evaluation step includes a step in which a mean-square
displacement of the most influential particles is computed.

The method according to the present invention may be
provided with the following features (I)-(I1I):

(D) the filler particles of each filler model are a single center
filler particle and at least four surface filler particles
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whose centers are positioned on a spherical surface whose

center coincides with a center of the center filler particle,

equilibrium lengths are respectively defined between the
center filler particle and the surface filler particles and
between the surface filler particles, and

the center filler particle is the most influential particle;
(II) the cutoff distance between the center filler particles is

larger than the sum of the radius of the above-mentioned

spherical surface and the cutoff distance between the
surface filler particles;

(IIT) the evaluation step includes a step in which the mean-
square displacement is computed at five or more time
intervals.

Therefore, in a filler model, a potential from the outside
of the filler model acts on the most influential particle prior
to any other filler particles. In the molecular dynamics
calculation, the most influential particle is taken as the
representative point of the filler model. If migrations of the
most influential particles are increased, the filler models can
be considered as being dispersed widely.

From the mean-square displacement, the extent of a
movement of a most influential particle per unit time is
obtained.

Accordingly, the dispersion of the filler models can be
grasped, therefore, the filler dispersion state can be evalu-
ated reliably at short times.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a computer system
implementing a simulation method as an embodiment of the
present invention.

FIG. 2 is a flow chart of the simulation method in this
embodiment.

FIG. 3 is a diagram showing a filler model.

FIG. 4 is a diagram showing a polymer model.

FIG. 5 is a diagram for explaining potentials of the filler
particles and polymer particles.

FIG. 6 is a diagram for explaining the cutoff distance of
a filler particle.

FIG. 7 is a perspective diagram for explaining a virtual
space in which filler models and polymer models are dis-
posed.

FIG. 8 is a diagram for explaining the extent of a
movement of a filler particle.

FIG. 9 is an exemplary graph of the mean-square dis-
placement of most influential particles.

FIG. 10 is a graph in which the mean-square displacement
computed by various methods are plotted.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

An embodiment of present invention will now be
described in detail in conjunction with accompanying draw-
ings.

The simulation method according to the present invention
is a method for simulating and evaluating the dispersion of
fillers in a high polymer material by the use of a computer
1. Here, the term “high polymer material” is intended to
include at least rubber, resin and elastomer.

The term “filler” is intended to include at least carbon
black, silica and alumina.

As shown in FIG. 1 for example, the computer 1 com-
prises a main body 1a, a keyboard 15, a mouse 1c¢ and a
display 1d. The main body la comprises an arithmetic
processing unit (CPU), ROM, work memory, storage
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devices such as magnetic disk, disk drives 1al and 142 and
the like. In the storage device, programs/software for car-
rying out the simulating method are stored.

FIG. 2 is a flowchart of the simulation method as an
embodiment of the present invention.

In this method, firstly, a filler model defining step S1 is
implemented. In this step S1, as shown in FIG. 3, filler
models 3 of the fillers are defined, wherein each filler model
3 is defined to represent a plurality of filler particles 4 (e.g.
carbon particles), and the filler particle 4 is a sphere having
a certain diameter.

Incidentally, the filler model 3 corresponds to numerical
data (inclusive of the mass, volume, diameter and initial
coordinates of each of the filler particles 4) necessary to deal
with the fillers by the molecular dynamics. Such numerical
data are entered and stored in the computer 1.

The filler particles 4 constituting each filler model 3 are a
single center filler particle 4¢, and at least four in this
example eight surface filler particles 4s, wherein the centers
C of the surface filler particles 4s are positioned on a
spherical surface B of which center coincides with the center
of the center filler particle 4c.

In each filler model 3, between the center filler particle 4¢
and the surface filler particles 4s and also between the
surface filler particles 4s, there are provided joining chains
4j on which equilibrium lengths are respectively defined.

Here, the equilibrium lengths are the bond distances
between the center filler particle 4¢ and the surface filler
particles 4s and between the surface filler particles 4s when
the relative positions of the surface filler particle 4s on the
spherical surface B become steady.

If'the bond distance is changed, it revert to the equilibrium
length by the joining chain 45 so as to become a steady state.

In the filler model 3 in this example, the center filler
particle 4¢ and the surface filler particles 4s are bonded,
keeping their relative positions. Further, the center filler
particle 4¢ and three or more surface filler particles 4s in
each filler model 3 are arranged so as not to locate in the
same plane or one plane. The surface filler particles 4s are
positioned at the vertices of a polyhedron, and the center
filler particle 4c¢ is positioned at the center of the polyhedron.

Next, polymer models 5 of the high polymer material are
defined. (step s2)

In this step S2, as shown in FIG. 4, each polymer model
5 is defined to represent at least one polymer particle 6
preferably a plurality of polymer particles 6 of the high
polymer material.

Incidentally, the polymer model 5 corresponds to numeri-
cal data necessary to deal with the high polymer material by
the molecular dynamics. Such numerical data are entered
and stored in the computer 1.

The polymer particles 6 of the polymer model 5 in this
example include modified basal particles 65 and nonmodi-
fied particles 6a, and different potentials (after-mentioned)
are defined for the particles 6a and particles 6.

Each of the particles 6a and 65 is a sphere having a certain
diameter.

Between the particles 6a and 64, there are provided
joining chains 67 so as to keep them under restraint and to
have a three dimensional structure like a straight-chain
polymer.

Next, a simulation condition setting step S3 is imple-
mented.

In the step S3, simulation conditions necessary for execut-
ing the subsequent molecular dynamics (MD) calculation
are set. In this embodiment, firstly, a potential defining step
S3a is implemented.
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In this step S3a, as shown in FIG. 5, potentials are
respectively defined between the filler particles 4c, 4s of a
filler model 3 and the filler particles 4c¢, 4s of another filler
model 3, between the filler particles 4c, 4s of a filler model
3 and the polymer particles 6a, 65 of a polymer model 5, and
between the polymer particles 6a, 65 of a polymer model 5
and the polymer particles 6a, 65 of another polymer model
5.

The potentials are stored in the computer 1 as numerical
data, and used to calculate a force between the two particles
concerned. Here, the potential is a function of the distance
between the concerned particles. The potential U is given by
the following expression (1):

U:aij(l—rl-j/rc)z/Z

where
a,,; is an invariable corresponding to the strength of the
potential u defined between the particles concerned,
r,; 1s the distance between the centers of the particles
concerned, and
r, is the cutoff distance predefined between the particles
concerned.
with the expression (1), the potential u is defined such that
a mutual interaction (in this embodiment, a repulsive force)
occurs if the distance r; is decreased under the predefined
cutoff’ distance ... If the distance r; is more than the cutoff
distance r,, the potential u is zero and no repulsive force
occurs between the particles.
In this particular example, for the following combinations
of two particles, potentials ul-ul0 are defined:

particles 4c-6a
particles 4¢-6b

particles 4c-4s:

particles 4s-6a
particles 4s-6b

: potential ul
: potential u2

potential u3
: potential ud
: potential u5

particles 6a-6b: potential u6

particles 4c-dc
particles 4s-4s:
particles 6a-6a

: potential u7
potential u8
: potential u9

particles 65-6b: potential ul0

As to the strength a;; of the potential, a treatise (J. Chem
Phys. 107(11) 4423-4435 (1997)) proposes that the strength
a;; of potential between particles of the same kind is set to be
25.

But, various researches made afterward (for example,
Macromolecule vol. 39 6744(2006)) suggest that the
strength a,; of potential between particles of the same kind is
set to be 50, and the strength a,; of potential between
particles of the different kinds is set to be 72.

In this example, by reference to these values, the strength
a;; of the potentials ul-ul0 are set as follows.

potential ul: a,=72

potential u2: a, =25

potential u3: a, =50

potential ud: a,=72

potential uS: a,=25
potential u6: a,=72
potential u7: a,=50
potential u8: a,=50
potential u9: a, =50

potential ul0: a,=50

As above, the strength a,(=25) of the potential u2, us
between the modified basal particle 65 of the polymer model
5 and the filler particle 4c, 4s of the filler model 3 is set to
be smaller than the strength a,(=72) of the potential ul, u4
between the nonmodified particle 6a of the polymer particle
6 and the filler particle 4c¢, 4s of the filler model 3, therefore,
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in comparison with the nonmodified particle 6a, the modi-
fied basal particle 65 is decreased in the repulsive force.

Such modified basal particle 65 is increased in the affinity
to the filler particle 4¢, 4s, and therefore can simulate a
denaturizing agent actually added in the high polymer
material. Accordingly, by incorporating such modified basal
particles 65 in the polymer model 5, the dispersion of the
filler models 3 in the polymer models 5 can be changed, and
it becomes possible to simulate a modified polymer.

In the expression (1), the cutoff distance r.. is defined for
each of the potentials ul-ul0 as follows.

potential ul: r =3

potential u2: r =3

potential u3: r =3

potential ud: r =1

potential u5: r =1

potential u6: r =1

potential u7: r =5

potential u8: r =1

potential u9: r =1

potential ul0: r =1

According to the present invention, one of the filler
particles 4 of each filler model 3 is defined as a most
influential particle 7.

Further, the following three different cutoff distances r,_
are predefined:

a largest cutoft distance used between the most influential
particle 7 of a filler model 3 and the most influential particle
7 of another filler model 3;

a smallest cutoff’ distance used between any particle 4
other than the most influential particle 7 of a filler model 3
and any particle 4 other than the most influential particle 7
of another filler model 3; and

a middle cutoff distance used between the most influential
particle 7 of a filler model 3 and any particle 4 other than the
most influential particle 7 of another filler model 3.

In this embodiment, the center filler particle 4¢ of each
filler model 3 is defined as the most influential particle 7.
Therefore, the cutoff distance r. used for the potential (for
example u7) between the center filler particle 4¢ of a filler
models 3 and the center filler particle 4¢ of another filler
model 3 is set to be larger than the cutoff distance r,, used for
the potential (for example, u8) between the surface filler
particle 4s of a filler model 3 and the surface filler particle
4s of another filler model 3.

The most influential particle 7 is a filler particle relating
to the largest cutoff distance. Therefore, in a filler model 3,
a potential from the outside of the filler model 3 acts on the
most influential particle 7 (center filler particle 4¢) prior to
any other filler particles (surface filler particles 4s). Accord-
ingly, the most influential particle 7 of the filler model 3
influences the motion of the filler model 3. Therefore, in the
molecular dynamics calculation, it is possible to take the
most influential particle 7 as the representative point of the
filler model 3.

If migrations of the most influential particles 7 are
increased, the filler models 3 are considered as being dis-
persed widely.

It is desirable that, as shown in FIG. 6, the large cutoff
distance r, (potential u7) used between the most influential
particles 7 and 7 (i.e. between the center filler particles 4¢
and 4c) is set to be more than the sum (r+R) of the small
cutoft distance r,. (potential u8) between the particles 4 other
than the most influential particle 7 (i.e. the surface filler
particles 4s and 4s) and the radius R of the above-mentioned

10

15

20

25

30

35

40

45

50

55

60

65

6

spherical surface B in order to assure that the potential acts
on the most influential particle 7 prior to any other filler
particles.

Between the most influential particles 7, the potential acts
radially. Therefore, in the molecular dynamics calculation,
the computer 1 can treat the filler models 3 as spheres like
the actual filler.

Next, a step s3b is implemented, wherein, as shown in
FIG. 7, a virtual space v having a predetermined volume is
defined and the filler models 3 and the polymer models 5 are
disposed in the virtual space v.

The virtual space v corresponds to a minute fraction of the
actual high polymer material, e.g. polymer as the analysis
object.

In this embodiment, the shape of the virtual space v is a
regular hexahedron whose each side has a length L1 of from
20 to 40 [o] for example. [0] is unit of length. In the virtual
space, for example, 500 to 1500 filler models 3 and 1000 to
3000 polymer models 5 are initially randomly disposed.

Next, a simulation step s4 is implemented. In this step S4,
a molecular dynamics calculation is performed.

In the molecular dynamics calculation, assuming that all
of'the filler models 3 and the polymer models 5 in the virtual
space V follow the classical dynamics, the calculation is
made according to Newton’s equation of motion for a given
time period, and the motion of each of the filler particles 4¢
and 4s and the polymer particles 6a and 64 is tracked at each
time step during the time period.

In this embodiment, the molecular dynamics calculation
is continued until the initial placement of the filler models 3
and polymer models 5 which is artificial, becomes not
artificial (structure relaxation).

As an example, when the number of the time steps reaches
to a predetermined number (for example 500 to 300000), the
molecular dynamics calculation is ended.

During making the molecular dynamics calculation, the
number of all the particles existing in the system or the
virtual space 8 and the volume and temperature of the
system are kept constant.

Next, an evaluation step s5 is implemented.

In this step S5, from results obtained in the simulation
step S4, the dispersion state of the filler models 3 is
evaluated. For this, firstly, a step S5a is implemented. In this
step, the mean-square displacement of the most influential
particles 7 to be evaluated is computed.

The mean-square displacement (MSD) is given by the
following expression (2):

MSD=<|r(t)-r(0)*> ()]

where

r(0) is the coordinate of the center 7¢ of a most influential
particle at a given time point,

r(t) is the coordinate of the center 7¢ of the most influ-
ential particle at a time interval of length t after the
given time point, and

<. ..> denotes an ensemble average over the predeter-
mined most influential particles 7 and over some time
intervals.

In the expression (2), Ir(t)-r(0)l is the (vector) distance
traveled by the most influential particle 7 over the time
interval of length t as shown in FIG. 8.

The obtaining of the value of the MSD allows to grasp the
extent of a movement of the most influential particle 7.

As noted above, in the molecular dynamics calculation,
the most influential particle 7 is taken as the representative
point of the filler model 3.
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Therefore, from the value of the MSD, the extent of a
movement of the filler model 3 can be grasped.

FIG. 9 shows an exemplary graph in which the values of
the mean-square displacement computed at some time inter-
vals, are plotted.

From the slope 6 of the regression line Lr to the mean-
square displacement, the self-diffusion coefficient of the
most influential particle 7 can be obtained.

With the increase in the self-diffusion coeflicient, the
extent of a movement of the most influential particle 7 is
increased. Therefore, based on whether the self-diffusion
coeflicient is large or nor, it is possible to judge whether the
dispersion state of the filler models 3 is good or not. Thus,
the dispersion state can be evaluated.

In FIG. 9, the mean-square displacement of the most
influential particle 7 is increased in proportion to the
increase in the time such increase means that the extent of
the movement is wide, namely, the dispersion is good.

In this way, without the need for computing the mean-
square displacement of the surface filler particle 4s, the
dispersion of the filler model 3 can be evaluated and grasped
certainly at short times.

For that purpose, it is desirable that the mean-square
displacement is computed at at least five time intervals.

In other words, the number of plotted data is at least five
(In the example shown in FIG. 9, the number is 20).

If the number is less than five, it is difficult to obtain the
self-diffusion coefficient accurately, and there is a possibility
that the dispersion state can not be grasped exactly. If the
number exceeds 1000, the computational time increases.
Therefore, the number of the time intervals is preferably set
in a range of not less than 10 but not more than 100.

Next, a step s5b is implemented. In this step s5b, the
computer 1 judges whether the dispersion state of the filler
models 3 is good or not, based on whether the obtained
mean-square displacement is within a predetermined accept-
able range or not.

In this embodiment, if the dispersion state of the filler
models 3 is judged as good, the simulation is ended.

On the other hand, if the dispersion state is judged as not
good, taking the obtained mean-square displacement into
consideration, the conditions previously set on the filler
models 3 and the polymer models 5 are changed, and again
the simulation is implemented. Such operation is repeated to
find out conditions in which the filler models 3 are well
dispersed.

Comparison Tests

According to the flowchart shown in FIG. 2, a molecular
dynamics calculation on the filler models and polymer
models was performed. Then, the mean-square displacement
of the most influential particles, namely the center filler
particles of the filler models, was computed. The result is
shown in FIG. 10 as Embodiment.

Further, for comparison, the mean-square displacement of
all of the filler particles of the filler models was computed.
The result is shown in FIG. 10 as Comparative example 1.

Furthermore, the mean-square displacement of all of the
surface filler particles of the filler models was computed.
The result is shown in FIG. 10 as Comparative example 2.

The details of the filler models, polymer models and

potentials were as described above. Other common specifi-
cations are as follows:
The length L1 of each side of the virtual space was 30 [o].
The number of the filler models in the virtual space was 100.
The number of the polymer models in the virtual space was
1500.
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The number of the time steps of the molecular dynamics
calculation was 100000.

The mean-square displacement was computed at twenty
time intervals.

In addition, without using the positions of the filler
particles obtained in the molecular dynamics calculation as
above, the positions of the gravity points of the respective
filler models were computed, and the mean-square displace-
ment of the gravity points was computed. (as Experimental
example in Table 1)

Then, with respect to the mean-square displacement, the
Embodiment, Comparative example 1, Comparative
example 2 and Experimental example were compared. The
results are shown in Table 1.

Further, as to the computational time, embodiment, com-
parative example 1, comparative example 2 and experimen-
tal example were compared. The results are shown in Table
1.

TABLE 1
Experimental Comparative Comparative
Method example  Embodiment example 1 example 2
Mean-square 1.08 1.05 3.01 3.48
displacement
Computational 9.90 1.10 9.88 8.75

time (hour)

From the comparison of the mean-square displacement, it
was confirmed that the Embodiment can simulate the filler
dispersion state close to that by the Experimental example,
therefore, a reliable evaluation is possible.

Further, in the Embodiment, it was not necessary to compute
the gravity points as in the Experimental example, therefore,
the computational time was remarkably reduced.

The invention claimed is:
1. A computerized simulation method for evaluating the
dispersion of fillers in a high polymer material comprising:
defining filler models of the fillers, wherein each of the
filler models represents a plurality of filler particles
which are a single most influential particle and at least
four surface particles of which centers are positioned
on a spherical surface whose center coincides with a
center of said single most influential particle;
defining polymer models of the high polymer material,
wherein each of the polymer models represents one or
more polymer particles;
defining potentials between particles which are the filler
particles and the polymer particles, wherein
each potential is a function of a distance between the
centers of the particles, and defined as causing a
mutual interaction between the particles when the
distance is decreased under a predefined cutoft dis-
tance,
a largest cutoff distance is defined for the single most
influential particle, and
a cutoff distance smaller than said largest cutoff dis-
tance is defined for each of the surface particles;
defining an equilibrium length between the single most
influential particle and each of the surface particles in
each of the filler models;
defining an equilibrium length between the surface par-
ticles in each of the filler models;
performing a molecular dynamics calculation for the
polymer models and the filler models placed in a
predetermined virtual space; and
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evaluating a state of dispersion of the filler models from
results obtained through the molecular dynamics cal-
culation, wherein
a mean-square displacement of each of the filler models
is obtained by computing a mean-square displace-
ment of the single most influential particle without
computing a mean-square displacement of each of
the surface particles, and
the state of dispersion of the filler models is evaluated
based on the obtained mean-square displacements of
the filler models,
wherein a cutoff distance between the single most influ-
ential particles of two of the filler models is larger than
the sum of the radius of the above-mentioned spherical
surface and a cutoff distance between the surface
particles of the two of the filler models,
wherein the defining the potentials between particles
includes:
defining the largest cutoff distance between the most
influential particle of a filler model and the most
influential particle of another filler model;
defining a smallest cutoff distance between any particle
other than the most influential particle of a filler
model and any particle other than the most influential
particle of another filler model; and
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defining a middle cutoff distance between the most
influential particle of a filler model and any particle
other than the most influential particle of another
filler model.
2. The simulation method according to claim 1, wherein
the mean-square displacement is computed at five or more
time intervals.
3. The simulation method according to claim 1, wherein
the function defining the potential between the particles is
given by

U:aij(l—rl-j/rc)z/Z

wherein
U is the potential,
a, 1s an invariable corresponding to the strength of the
potential U,
r,; is the distance between the centers of the particles,
and
r, is the cutoff distance between the particles.
4. The simulation method according to claim 3, wherein
the evaluating the state of dispersion includes obtaining a
self-diffusion coeflicient of the most influential particles.
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